Abstract Nanocomposites based upon framework zirconium phosphates with supported WO 3 , MoO 3 and Pt nanoparticles were synthesized via the incipient wetness impregnation of high-surface-area mesoporous phosphate samples with water solutions of corresponding salts followed by drying and calcination. The structure and surface properties of nanocomposites were studied by using combination of structural and spectral methods. Due to a strong interaction between supports and supported species, the structure of the latter differs considerably from that of the bulk phases. Surface acid centers typical for zirconium phosphates disappear suggesting their participation in bonding nanoparticles of promoters. Instead, new types of strong acid sites associated with tungsten oxide clusters emerge. The effect of these promoters on performance of zirconium phosphates in the reaction of pentane and hexane isomerization is considered.
Introduction
Among the most promising catalytic systems for acid catalysis, solid superacids based upon ZrO 2 (sulfated ZrO 2 , WO x -ZrO 2 ) have recently attracted a great deal of attention [1, 2] . For systems based upon sulfated zirconia, their low isomerization selectivity for C 7+ alkanes, poor stability, extensive coking, and tendency to form volatile sulfur compounds during catalysis and regeneration limit their applicability in isomerization and alkylation processes. WO x -ZrO 2 (WZ) systems including those promoted by Pt were proved to be much more stable and very efficient in such reactions as C 4 -C 10 paraffins isomerization [3] [4] [5] , low aromatic diesel fuel production [6] , monomethylation of aromatics [7] , oxidation of organic nitrogen-containing compounds [8] and oligomerization [9] . However, active and selective WZ catalysts are obtained only via impregnation of amorphous zirconium hydroxide by ammonium metatungstate solution followed by drying and high-temperature calcination leading to a partial transformation of zirconia into tetragonal modification. Due to complexity of solid state and surface processes occurring in such a preparation route, catalytic properties of WZ systems are extremely sensitive to the synthesis conditions, thus making up-scaling of the catalyst production technology a challenging task.
H-forms of framework zirconium phosphates (ZP) with NZP-type structure possessing fast proton conductivity [10] could also be considered as solid superacids. These flexible systems allow to incorporate a great number of aliovalent cations in the lattice, and, hence, to regulate their acid-base properties as in zeolites. In comparison with sulfates, phosphate groups are much more sta-ble in reducing reaction media, thus ensuring a reasonable stability of catalytic properties. Recently [11] [12] [13] , the procedures for synthesis of highly dispersed mesoporous framework zirconium phosphates via hydrothermal treatment (HTT) in the presence of polyethylene oxide of amorphous sols or products of mechanical activation of the mixture of solid salts were elaborated. Genesis of samples real structure as a function of the preparation procedure and nature of modifying cations (La, Si) as well as its impact on the surface acidic properties and catalytic performance in the reactions of hexane isomerization and dehydroaromatization have been studied. At relatively high (>400°C) temperatures and without hydrogen in the feed, these systems were found to be rather active in hexane isomerization, while no coking was observed. However, at temperatures ~200-250°C, which are the most favorable for skeletal isomerization of paraffins, these catalysts were inactive. It can be assigned to a quite low number of the active Broensted acid sites (Zr-OH groups), which exist as defects on the surface mainly covered by weakly acidic non-reactive P-OH groups. Another reason for the absence of low-temperature activity appears to be the insufficient ability of zirconium phosphate surface to catalyze hydrogen dissociation and surface transfer stages required for rapid desorption of isomerized alkanes [2] . These problems may be overcome by adding such promoters as tungsta, molybdena and Pt to zirconium phosphates. Earlier [14] , surface phosphate groups of crystalline framework zirconium phosphates were shown to be sufficiently reactive to interact with supported transition metal oxides, thus ensuring their good fixation and high dispersion. As far as the tungsten oxide clusters are concerned, their interaction with the surface phosphate groups is expected to generate a kind of supported hydrogen-tungstophosphoric heteropolyacid species resembling the H 3 PW 12 O 40 acid known for its strong acidity [2] . By using as tungsta supports mesoporous zirconium phosphates with the bulk and surface structure stabilized by hydrothermal treatment followed by calcination at 500°C, we hope to avoid irreproducibility of tungsta clusters properties inherent to WZ systems (vide supra).
This work aims at synthesis of composite systems based upon framework zirconium phosphates with supported WO 3 , MoO 3 and Pt, elucidation their microstructural features and surface properties as related to catalysis of the reactions of interest. Up to the present, in the available literature, any data on synthesis and properties of such composite systems are absent.
Relation to previous work
The search carried by authors using the database of the Chemical Abstracts, Russian Chemical Database RZhKhim, Current Contents (USA), available publications of last 10 years in Journals specialized in catalysis (Journal of Catalysis, Applied Catalysis, Journal of Molecular Catalysis, Catalysis Letters, Reaction Kinetics 277 Catalysis Letters, Kinetics and Catalysis), physical chemistry (J. Phys. Chem, Russian Journal of Physical Chemistry), surface science (Surface Science) and materials science (J. Mater. Sci., J. Mater. Research, Chemistry of Materials, J. Solid State Chemistry) as well as IBM patent database using such keywords as mesoporous framework zirconium phosphates, supported tungsta, molybdena and platinum, Broensted acid sites, Lewis acid sites, TEM and EXAFS studies etc. has not revealed any publications in which nanocomposite systems considered here would be synthesized or their structure, surface and catalytic properties in the reactions of alkanes isomerizations studied.
The authors have earlier pioneered the procedures of synthesis of framework zirconium phosphates as highsurface-area systems and studied the specific features of their bulk and surface structure as relevant to heterogeneous catalysis [11] [12] [13] . In the work presented here, the approach for increasing the strength of their Broensted acid sites and enhancing their ability to activate hydrogen which is required for efficient performance in the hydroisomerization of alkanes was suggested and realized. This was achieved by constructing nanocomposites including dispersed framework zirconium phosphates and supported tungsten and molybdenum oxides with juxtaposed Pt clusters. Combination of modern sophisticated methods sensitive to bulk and surface properties of these systems was applied to understand the fine details of interaction between various components in these nanocomposites, and their catalytic properties were studied. On these bases, the model was put forward in which the enhanced acidity of nanocomposites was explained by formation of surface structures similar to that in P-W or P-Mo heteropolyacids known for their superacidity. Table 1 lists starting materials and some details of preparation procedures similar to those described earlier [11] [12] [13] . When organometallic precursors were used, 1 M (NH 4 ) 2 HPO 4 water solution was added under stirring to 80% solution of zirconium butoxide in n-butanol or to its mixture with tetraethylorthosilicate (Si/Zr~0.3). PEO was then added, and this mixture was stirred at room temperature for 18 h. Suspensions of sols or activated mechanical mixtures in distilled water with addition of polyethylene oxide were kept in bombs at 175-200°C for 5-7 days. After HTT, the solids were separated by centrifugation, washed with ethanol and distilled water, dried at 120°C and calcined at 400°C. Platinum, WO 3 , and MoO 3 were usually supported by the incipient wetness impregnation method from solutions of H 2 PtCl 6 , ammonium tungstate and molybdate, respectively, followed by drying and air calcination. For comparison, in one sample (K-8), W was added through the mechanical co-activation of crystalline cubic zirconium phosphate with solid ammonium tungstate followed by air calcination.
Experimental
The bulk structure of samples was characterized by EXAFS (spectra were acquired at the EXAFS Station of the Siberian Center of Synchrotron Radiation, Novosibirsk) combined with the X-ray diffraction (XRD, CuK α , an URD-63 diffractometer), Infrared spectroscopy (FTIRS, a Fourier-transform IFS -113 V Bruker spectometer) and UV-VIS DRS spectroscopy (a Carl Zeis spectrometer Specord-M-40). The microstructure of samples was studied using transmission electron microscopy (TEM, JEM 2010, 200 kv) .
